Hot subdwarf B stars (sdBs) are core helium-burning stars located on the extreme horizontal branch. About half of the known sdB stars are found in close binaries. Their short orbital periods of 1.2 h to a few days suggest that they are post common-envelope systems. Eclipsing hot subdwarf binaries are rare, but important to determine the fundamental stellar parameters. Low-mass companions are identified by the reflection effect. In most cases the companion is a main sequence star near the stellar mass limit. Here we report the discovery of an eclipsing hot subdwarf binary SDSS J162256.66+473051.1 (J1622) of very short orbital period (0.0697 d), found in the course of the MUCHFUSS project. The lightcurve shows grazing eclipses and a prominent reflection effect. An analysis of the light-and radial velocity (RV) curves indicated a mass ratio of q = 0.1325, an RV semiamplitude K = 47.2 km s −1 , and an inclination of i = 72.33
Introduction
Hot subdwarfs (sdBs) are core helium-burning stars with very thin hydrogen envelopes, that are not able to sustain hydrogen shell burning (Heber 2009) . To form such objects, the progenitor has to lose almost all of its hydrogen envelope. The high percentage of 50% of close binaries (Maxted et al. 2001; Napiwotzki et al. 2004) suggests that these sdBs are formed via binary evolution, which is responsible for the required large mass loss on the red giant branch (RGB). Such sdB binaries are formed via a common envelope phase or by stable Roche lobe overflow. The other half of sdB stars, however, appears to be single. Hence, binary evolution seems to be irrelevant at first glance. Nevertheless, is it possible to form a single star through merging of the components of a binary star. To form a helium core burning object like an sdB star, requires two helium white dwarfs to merge and ignite helium burning. The binary components are driven into a merger by gravitational wave radiation (Webbink 1984; Iben & Tutukov 1984) . The merged object is expected to rotate rapidly. However, rotation velocities of single sdB stars are very slow (<= 10 km/s, Geier & Heber 2012) , which is at variance with the merger scenario. Therefore, the merger scenario may explain a few cases of exceptionally fast rotators (Geier et al. 2011a . Moreover, binary population synthesis predicts a wide mass distribution around 0.52 M ⊙ for the sdB, resulting from the merger channel (Han et al. 2002 (Han et al. , 2003 . The empirical mass distribution derived by asteroseismology (Fontaine et al. 2012; Van Grootel et al. 2013b) , however, shows a sharp peak at 0.47M ⊙ for single sdB stars, which is inconsistent with the prediction of the merger scenario.
An alternative scenario proposes the engulfment and possible destruction of a substellar object within a common envelope (CE) as formation channel for single sdB stars (Soker 1998; Nelemans & Tauris 1998) . Close binary sdB stars with very lowmass stellar companions are known for decades (Kilkenny et al. 1978; Menzies & Marang 1986) . When eclipsing, such systems are named HW Vir stars. Most of the dozen known HW Vir systems have periods as short as 0.1 days. Hence, they must have undergone a common envelope and spiral-in phase. Binary population synthesis shows that sdBs in such post-common envelope systems should have masses around 0.47 M ⊙ , the so-called canonical mass (Han et al. 2002 (Han et al. , 2003 . The companions in HW Vir type binaries have masses close to, but usually exceeding the nuclear-burning limit of ≃ 0.08 M ⊙ and are, therefore, very late M-dwarf stars.
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Whether a substellar companion would also be able to contribute enough energy and angular momentum to unbind a common envelope, has been under debate. The discovery of a brown dwarf orbiting an sdB star in the HW Vir type binary SDSS J082053.53+000843.4 demonstrated that substellar companions are able to form an sdB (Geier et al. 2011d ). The subsequent discoveries of two Earth-sized bodies orbiting a single pulsating sdB, which might be the remnants of one or two more massive companion evaporated in the CE-phase (Charpinet et al. 2011; Bear & Soker 2012) , provides further evidence that substellar companions play an important role in the formation of close binary and single sdB stars alike. One of the open questions is now, how massive the companion has to be, to trigger the mass loss of the red giant to form an sdB star.
Here we report on the discovery of a short period eclipsing hot subdwarf with a substellar companion in the course of the MUCHFUSS project. The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS (MUCHFUSS) aims at finding sdBs with compact companions, such as massive white dwarfs (M > 1.0 M ⊙ ), neutron stars, or black holes. Details about target selection and the scope of the project can be found in Geier et al. (2011b) . As one of two selection criteria, sdBs with radial velocity (RV) variations on timescales of half an hour or less were selected from the Sloan Digital Sky Survey (SDSS). These targets are either sdBs with compact, massive companions and comparatively long orbital periods, or short-period binaries with low-mass companions like the system described here.
To distinguish low-mass stellar or substellar companions from white dwarfs, and other more compact objects, we also started a photometric follow-up. As HW Vir systems have characteristic lightcurves, this turned out to be the ideal approach to find such binaries. A low-mass, cool companion can be identified due to the so-called reflection effect, which results from the large difference in temperature of both components. The companion is heated up on one side, and, therefore, a sinusoidal variation of the flux with the phase can be observed, as the heated hemisphere emits more flux. This effect is also visible at rather low inclinations, where no eclipses are observed. If eclipses are present, a combined spectroscopic and photometric analysis allows us to put tight constraints on the binary parameters. In the course of the MUCHFUSS project we already discovered three new HW Vir systems (Geier et al. 2011d; Schaffenroth et al. 2013a ) and a pulsating sdB in a reflection effect binary (Østensen et al. 2013) .
In this paper we present the observations and analysis of a HW Vir star, discovered by the MUCHFUSS project. We describe the spectroscopic and photometric observations in Sect. 2 and their analysis in Sect. 3 (spectroscopy) and 4 (photometry). Evidence for the brown dwarf nature of the companion is given in Sect. 5 and the lack of synchronisation of the sdB star is discussed in Sect. 6. Finally, we conclude and present suggestions, how to improve the mass determination.
Observations

Spectroscopy
The SDSS spectra of SDSS J162256.66+473051.1 (J1622 for short, also known as PG1621+476, g'=15.96 mag), showed a radial velocity shift of 100 km s −1 within 1.45 h. Therefore, the star was selected as a high priority target for follow-up. 18 spectra were taken with the ISIS instrument at the William Herschel Telescope on La Palma, on 24 to 27 August 2009 at medium resolution (R∼4000). Additional 64 spectra with the same resolution were obtained with the TWIN spectrograph at the 3.5 m telescope at the Calar Alto Observatory, Spain, on 25 to 28 May 2012. Moreover, 10 higher resolution spectra (R∼8000) were observed with ESI at the Keck Telescope, Hawaii, on 13 July 2013. The TWIN and ISIS data were reduced with the MIDAS package distributed by the European Southern Observatory (ESO). The ESI data was reduced with the pipeline Makee 1 .
Photometry
As the RV-curve from the ISIS spectra showed a short period of only 0.069 d, a photometric follow-up was started. J1622 was observed with the Bonn University Simultaneous Camera (BUSCA) at the 2.2 m telescope at the Calar Alto Observatory. BUSCA (Reif et al. 1999) 
Spectroscopic analysis
Radial velocity curve
The radial velocities were measured by fitting a combination of Gaussians, Lorentzians, and polynomials to the Balmer and helium lines of all spectra and are given in Table A1 . Since the phase-shift between primary and secondary eclipses in the phased lightcurve (see Fig. 1 ) is exactly 0.5, we know that the orbit of J1622 is circular. Therefore, sine curves were fitted to the RV data points in fine steps over a range of test periods. For each period, the χ 2 of the best fitting sine curve was determined (see Geier et al. 2011c ). All three datasets were fitted together. The orbit is well covered. Fig. 2 shows the phased RV curve with the fit of the best solution. It gives a semiamplitude of K = 47.2 ± 2.0 km s −1 , a system velocity of γ = −54.7 ± 1.5 km s −1 , and a period of 0.0696859 ± 0.00003 d. The period is consistent with the period from the photometry (see Sect. 4), and the second shortest ever measured for an sdB binary.
Atmospheric parameters
The atmospheric parameters were determined by fitting synthetic spectra, that were calculated using LTE model atmospheres with solar metallicity and metal line blanketing (Heber et al. 2000) , to the Balmer and helium lines using SPAS (Hirsch 2009 ). For some of the HW Vir stars and similar non-eclipsing systems, it was found that the atmospheric parameters seemed to vary with the phase (e.g. Schaffenroth et al. 2013b) , as the contribution of the companion to the spectrum varies with the phase. Therefore, all spectra were fitted separately. Fig. 3 shows the effective temperature and the surface gravity determined from the TWIN spectra plotted against orbital phase. No change with the orbital phase can be seen. Therefore, we coadded all 64 TWIN spectra and derived the atmospheric parameters (T eff = 29000 ± 600 K, log g = 5.65 ± 0.06, log y = −1.87 ± 0.05). In Radial velocity plotted against orbital phase of J1622. The radial velocity was determined from the SDSS, ISIS, TWIN, and ESI spectra. All spectra were fitted together. The stars mark the SDSS spectra, the dots the TWIN spectra, the filled squares the ISIS spectra, and the open squares the ESI spectra. The errors are formal 1-σ uncertainties. The lower panel shows the residuals. Fig. 4 the best fit to the Balmer and helium lines of the coadded spectrum is shown. In Fig. 5 the position of J1622 in the T eff − log g diagram is compared to those of the known HW Vir systems and other sdB binaries. It is worthwhile to note that all of the HW Vir systems, but two, which have evolved off the EHB, have very similar atmospheric parameters. Those systems cluster in a distinct region of the T eff −log g diagram. Unlike the HW Vir stars other sdB binaries are distributed more or less uniformly across the extreme horizontal branch (see Fig. 5 ). In this respect J1622 turns out to be a typical HW Vir system. Due to their higher resolution, the ESI spectra are suitable to measure the rotational broadening of spectral lines of the sdB. We coadded all 10 spectra and determined the projected rotational velocity of the sdB primary by adding a rotational profile to the fit of the Balmer and helium lines. The other atmospheric parameters were kept fixed to the values determined from the TWIN spectra. The best fit for v rot sin i = 71 ± 7 km s −1 is displayed in Fig. 6 . Surprisingly, the projected rotational velocity is only about two thirds of the one expected for tidally locked rotation of the hot subdwarf primary. This issue will be further discussed in Sect. 6.
Photometric analysis
The BUSCA lightcurves clearly show a strong reflection effect and grazing eclipses, as can be seen in Fig. 1 . Unfortunately, the signal-to-noise of the U B and I B lightcurves is insufficient, so that only the B B and R B lightcurves are used for the analysis. The ephemeris was determined from the BUSCA lightcurves by fitting parabolas to the cores of the primary eclipses. The period was derived with the help of the Lomb-Scargle Algorithm (Press & Rybicki 1989) .
The ephemeris of the primary minimum is given by HJD = 2455359.58306(2) + 0.0697885(53) · E (thereby is E the eclipse number, see e.g. Drechsel et al. 2001) The phased lightcurves are shown in Fig. 1 . The lightcurve analysis was performed by using MORO (MOdified ROche Program, see Drechsel et al. 1995) , which calculates synthetic lightcurves, which were fitted to the observation. This lightcurve solution code is based on the Wilson-Devinney approach A&A proofs: manuscript no. J1622_accepted The main problem of the lightcurve analysis is the high number of parameters. To calculate the synthetic lightcurves, 12+5n (n is the number of lightcurves) not independent parameters are used. Therefore, strong degeneracies exist, in particular in the mass ratio, which is strongly correlated with the other parameters. The mass ratio is, therefore, fixed and solutions for different mass ratios are calculated. To resolve this degeneracy, it is, moreover, important to constrain as many parameters as possible from the spectroscopic analysis or theory.
From the spectroscopic analysis we derive the effective temperature and the surface gravity of the sdB primary. Due to the early spectral type of the primary star the gravity darkening exponent can be fixed at g 1 = 1, as expected for radiative outer envelopes (von Zeipel 1924). For the cool convective companion, g 2 was set to 0.32 (Lucy 1967) . The linear limb darkening coefficients were extrapolated from the table of Claret & Bloemen (2011) . Drechsel et al. 2001; For et al. 2010; Geier et al. 2011d; Maxted et al. 2002; Klepp & Rauch 2011; Østensen et al. 2008 Wood & Saffer 1999; Almeida et al. 2012; Barlow et al. 2013) . The open dots represent other sdB binaries from the literature.
To determine the quality of the lightcurve fit, the sum of the deviation of each point to the synthetic curve is calculated and the solution with the smallest sum is supposed to be the best solution. The difference between the solutions for the different mass ratios is unfortunately small, as expected. Therefore, we can not determine a unique solution from the lightcurve analysis alone and adopted the solution closest to the canonical mass for the sdB star. The corresponding results of the lightcurve analysis are given in Table 1 with errors determined with the bootstrapping method. The lightcurves in the B B and R B band are displayed in Fig. 1 together with the best fit models for these parameters. The apparent asymmetries of the observed lightcurve can not be modelled, but we are not sure, if this effect is real or due to uncorrected long-term trends in the photometry (see Sect. 2.2). The parameters of the system resulting from the adopted solution together with the mass function are summarised in Ta- ble 2. The errors result from error propagation of the errors of K, P and i.
The brown dwarf nature of the companion
From the semiamplitude of the radial velocity curve and the orbital period we can derive the masses and the radii of both components for each mass ratio. To constrain the solutions further, we first compared the photometric surface gravity, which can be derived from the mass and the radius, to the spectroscopic surface gravity. This is displayed in Fig. 7 . The spectroscopic surface gravity is consistent with the lightcurve solution for sdB masses from 0.25 to 0.6 M ⊙ . It is, therefore, possible to find a self-consistent solution. This is not at all a matter of course, because in other cases such as AA Dor (Vučković et al. 2008 ) gravity derived from photometry was found to be inconsistent with the spectroscopic result.
We also compared the radius of the companion with theoretical mass-radius relations for low-mass stars and brown dwarfs with ages of 1, 5, and 10 Gyrs, respectively (Baraffe et al. 2003) . As can be seen from Fig. 8 , the measured mass-radius relation is well matched by theoretical predictions for stars 3 Gyrs for companion masses between 0.055 M ⊙ and 0.075 M ⊙ . The corresponding mass range for the sdB star is from 0.39 M ⊙ to 0.63 M ⊙ , calculated from the mass ratio.
However, the companion is exposed to intense radiation of a quite luminous hot star, only 0.58 R ⊙ away, which could lead to an underestimate of the radius, if compared to non-irradiated models (Baraffe et al. 2003) . Such inflation effects have been found e.g. in the case of hot Jupiter exoplanets (e.g. Udalski et al. 2008) , but also in the MS+BD binary CoRoT-15b (Bouchy et al. 2011) . We can estimate the maximum inflation effect from theoretical mass-radius relations shown in Fig. 8 . As can be seen from Fig. 8 , inflation by more than 10% can be excluded because otherwise none of the theoretical mass-radius relations would match the measured one, even if the star was as old as 10 Gyrs (the age of the Galactic disk).
If we assume an inflation of 5-10%, the mass-radius relation for the companion would be in perfect agreement with the light curve solution for a companion with a mass of 0.064 M ⊙ and a radius of 0.085 R ⊙ , and an age of ∼ 5-10 Gyrs. The corresponding mass of the sdB is close to the canonical sdB mass, which we therefore adopt for the sdB throughout the rest of the paper. As we calculated solutions for discrete q and, hence, discrete masses for the sdB and the companion, we adopted the solution closest to the canonical mass, which is also marked in Fig. 8. 
Synchronisation
Most HW Vir systems have orbital separations as small as one solar radius. Hence, it is reasonable to expect that the rotation of both components is tidally locked to the orbit. Indeed the rotation rates of HW Vir and other objects of the class with similarly short periods ( 0.1d) are found to be synchronised. It is worthwhile to note that the system PG 1017−036, a reflection effect binary with almost the same parameters as J1622 (P = 0.072 d, K = 51 km s −1 , T eff = 30300 K, log g = 5.61), has a measured v rot sin i = 118 km s −1 , fully consis- 
1.0 ± 0.005 (sdB, phot) 5.67 ± 0.02 log g (sdB, spec) 5.65 ± 0.06 tent with synchronised rotation. However, J1622 (P = 0.0698 d, K = 47 km s −1 , T eff = 29000 K, log g = 5.65) rotates with v rot sin i = 71 km s −1 . With an inclination of 72.33
• this results in a rotational velocity of 74 km s −1 , which is only about two thirds of the rotational velocity expected for a synchronous rotation (P orbit = P rot = 2πR v rot ). The physical processes leading to synchronisation are not well understood in particular for stars with radiative envelopes such as sdB stars and rivalling theories (Zahn 1977; Tassoul & Tassoul 1992 ) predict very different synchronisation timescales (for details see Geier et al. 2010) . The synchronisation timescales increase strongly with orbital separation, hence with the orbital period of the system. In fact J1622 and PG 1017−036 have amongst all known HW Vir systems the shortest periods and the highest probability for tidally locked rotation. Therefore, it is surprising that J1622 apparently is not synchronised, while PG 1017−036 is. Calculations even in the case of the less efficient mechanism (Zahn 1977) predict that synchronisation should be established after 10 5 yr, a time span much shorter than the EHB lifetime of 10 8 yr. Evidence for non-synchronous rotation of sdB stars in reflection effect binaries was presented recently by Pablo et al. (2011 Pablo et al. ( , 2012 , who measured the rotational splittings of pulsation modes in three reflection effect sdB binaries observed by the Kepler space mission revealing that the subdwarf primaries rotate more slowly than synchronised. However, those binaries have rather long periods (∼ 0.5 d) and predicted synchronisation time scales are much longer than for J1622 and even exceed the EHB life time, if the least efficient synchronisation process (see Fig. 19 in Geier et al. 2010 ) is adopted. Hence, unlike for J1622, the nonsynchronisation of those systems is not at variance with synchronisation theory.
It is quite unlikely that J1622 is too young for its rotation to be tidally locked to the orbit. Hence, we need to look for an alternative explanation. Tidal forces leading to circularisation and synchronisation, may lead to stable configurations, in which the rotational and the orbital periods are in resonance, that is their ratio is that of integer numbers as observed for Mercury. Comparing the observed rotational period of J1622 to the orbital one, we find that the ratio is 0.607 ± 0.065, hence close to a 2 to 3 resonance. However, J1622 must have undergone a spiral-in phase through the common-envelope phase and it must be investigated, whether such a resonant configuration can persist through that dynamical phase.
Conclusions
We performed a spectroscopic and photometric analysis of the eclipsing hot subdwarf binary J1622, that was found in the course of the MUCHFUSS project. The atmospheric parameters of the primary are typical for an sdB star in a HW Vir system. Mass-radius relations were derived for both components. The mass of the sdB star is constrained from spectroscopy (surface gravity) to 0.28 M ⊙ to 0.64 M ⊙ . The mass of the companion can be constrained by theoretical mass-radius relations to lie between 0.055 M ⊙ and 0.075 M ⊙ , which implies that the sdB mass is between 0.39 M ⊙ and 0.63 M ⊙ .
Assuming small corrections of about 5-10% to the radius due to the inflation of the companion by the strong irradiation from the primary, a companion mass of 0.064 M ⊙ appears to be the most plausible choice resulting in a mass of the sdB close to the canonical mass of 0.47M ⊙ star. Accordingly the companion is a substellar object. This is the second time a brown dwarf is found as a close companion to an sdB star. J1622 provides further evidence that substellar objects are able to eject a common envelope and form an sdB star. Finding more such systems, will help to constrain theoretical models (Soker 1998; Nelemans & Tauris 1998 ).
An important result of the spectral analysis is that the sdB star is rotating slower than expected, if its rotation was locked to its orbit, as is observed for the very similar system PG 1017−036. The non-synchronous rotation of J1622 is at variance with the predictions of tidal interaction models unless the sdB star is very young. The ratio of the rotational to the orbital period is close to a 2 to 3 resonance. However, it has to be investigated further, if such a configuration can survive the common envelope phase.
Future investigations should aim at the detection of spectral lines from the secondary, in order to measure its radial velocity, that is to turn the system into an double-lined spectroscopic binary, which would allow to pin down the mass ratio. Emission lines of the companion's irradiated atmosphere have been detected in the sdOB system AA Dor (Vučković et al. 2008 ) and most recently also for the prototype HW Vir (Vučković et al. 2013 ). Since J1622 is quite compact and the irradiation of the companion strong, such emission lines might be detectable in high-resolution spectra of sufficient quality. Accurate photometry is needed to confirm or disprove any asymmetries in its lightcurve hinting at flows at the surface of the companion.
